ABSTRACT A magnetically driven bead micro-rheometer for local quantitative measurements of the viscoelastic moduli in soft macromolecular networks such as an entangled F-actin solution is described. The viscoelastic response of paramagnetic latex beads to external magnetic forces is analyzed by optical particle tracking and fast image processing. Several modes of operation are possible, including analysis of bead motion after pulse-like or oscillatory excitations, or after application of a constant force. The frequency dependencies of the storage modulus, G'(c), and the loss modulus, G"(c), were measured for frequencies from 10-1 Hz to 5 Hz. For low actin concentrations (mesh sizes ( > 0.1 pm) we found that both G'(c) and G"(c) scale with co112. This scaling law and the absolute values of G' and G" agree with conventional rheological measurements, demonstrating that the magnetic bead micro-rheometer allows quantitative measurements of the viscoelastic moduli. Local variations of the viscoelastic moduli (and thus of the network density and mesh size) can be probed in several ways: 1) by measurement of G' and G" at different sites within the network; 2) by the simultaneous analysis of several embedded beads; and 3) by evaluation of the bead trajectories over macroscopic distances. The latter mode yields absolute values and local fluctuations of the apparent viscosity -q(x) of the network.
INTRODUCTION
Measurements of the frequency dependence of the viscoelastic moduli provide important insights into the structural and dynamic properties ofpolymeric fluids and soft macromolecular networks. The latter class includes networks of actin filaments which are prototypes of semi-flexible macromolecules and which may exhibit mesh sizes in the micrometer regime.
Previous studies of the viscoelastic properties of entangled (and cross-linked) F-actin solutions by torsional rheometers (Muller et al., 1991) in the 10' to 1 Hz regime showed that besides their biological role, these systems are also excellent models of polymeric liquids and can be used to to study fundamental physical properties of such systems, including correlations among the molecular structure, dynamics, and phenomenological properties. The latter is possible since the internal chain dynamics and the reptation motion of actin filaments can be directly visualized and analyzed by dynamic microfluorescence imaging techniques (Kas et al., 1993) .
Measurements at high shear rates demonstrate the nonNewtonian behavior of actin networks such as shear thinning (Janmey et al., 1990) and thixotropic effects (Kerst et al., 1990) . High precision measurements of the frequency dependencies of the storage (G'(w)) and loss (G"(w) ) moduli allow studies of the polymerization kinetics of G-actin (Muller et al., 1991) and of subtle effects of actin-binding proteins on filament bending stiffness (Ruddies et al., 1993) .
One disadvantage of classical rheological methods is that they yield averages over large volumes, so that effects of local thermal fluctuations and local inhomogenities due to nonequilibrium effects or phase segregation cannot be studied in a straightforward way. Such effects are very important in view of the essential role of actin for cell locomotion and cellular shape changes (Sackmann, 1994; Janmey et al., 1991) . Another point is that in classical measurements of the frequency dependence of the viscoelastic moduli, the upper frequency limit is determined by the high mass or, for the torsional rheometer, the high moment of inertia of the experimental set-up. To overcome these problems, we built a magnetic bead micro-rheometer which allows local measurements of the time or frequency dependence of the viscoelastic moduli.
Magnetic bead techniques (using ferromagnetic beads) have been applied previously for studies of the viscoelasticity of the cell cytoplasm (Heilbronn, 1922; Crick and Hughes, 1950; Yagi, 1961; Sato et al., 1984) and F-actin networks (Zaner and Valberg, 1989) and for measurements of the viscoelastic properties of the vitreous body of the eye (Lee et al., 1993) . Most of these studies were concerned with creepresponse measurements, with the exception of the experiments by Lutz et al., who applied the oscillatory technique to measure the viscoelastic moduli of mucus using ferromagnetic beads of about 100 ,um in diameter (Lutz et al., 1973) . More recently, magnetic bead techniques have also been applied for the measurement of the bending stiffness of DNA filaments (Smith et al., 1992) and the cytoskeletal stiffness of cells (Wang et al., 1993) . To our knowledge this is, however, the first attempt for quantitative measurements of the local viscoelastic parameters G'(Q) and G"(w) of actin networks.
The micro-rheometer is based on the evaluation of the magnetically driven local motion of paramagnetic beads embedded in the networks by fast image processing techniques. Because of the low mass of the beads, our set-up allows much higher oscillation frequencies than the classical rheological methods. The magnetic bead micro-rheometer offers three modes of operation: 1) recordings of the creep response and relaxation functions of the magnetic beads following pulselike excitations; 2) measurements of the amplitudes and phase shifts of the motion of the beads excited by external oscillating magnetic fields which enable absolute measurements of the frequency dependence of the storage and loss moduli in the range 10-1 to 5 Hz; 3) evaluation of the trajectories of the beads through diluted networks under a constant force which yields simultaneously average values and spatial fluctuations of the viscosity.-
The main purpose of the present work is to demonstrate that the magnetic bead micro-rheometer allows quantitative measurements of the absolute values of the two viscoelastic moduli.
MATERIALS AND METHODS
All measurements were performed in F-actin solutions of various concentrations. Globular actin (G-actin) and polymerization buffer (F-buffer) were prepared as previously described (cf. Ruddies et al., 1993) .
The magnetic beads (Dynabeads, Dynal, Hamburg, Germany) used here are spherical latex particles (radius a = 2.8 gm ± 3%) with incorporated iron oxides. The uncertainty of the iron content is about 5-10% (Door et al., 1991) . Since the incorporated iron oxide particles are smaller than Weiss domains, the beads exhibit paramagnetic behavior.
For preparation of our samples, the concentration of G-actin was first adjusted with millipore water. Subsequently, the beads and F-buffer were added. This solution was drawn into the sample cuvette by capillary forces and polymerized for about 6 h. Fig. 1 a shows a schematic view of the rheometer mounted on a Zeiss inverted Axiomat microscope. The sample is contained in an elongated cuvette with rectangular cross-section (cf. Fig. 1 b) . The oscillating magnetic driving field, B(t), applied horizontally (perpendicular to the long axis of the cuvette). It is generated by two axisymmetrically arranged magnetic coils with cylindrical soft iron cores.
The force on the paramagnetic beads is
where M(t) is the induced magnetic moment of the bead. Since f(t) is proportional to B(t)2, we ran the programmable function generator with a (sin ot)l'2 waveform to obtain a sinusoidal force. The oscillatory motion of the beads is analyzed for a long time (compared to the reciprocal frequency) using a fast image processing system developed in this laboratory (Zilker et al., 1992; Peterson et al., 1992) . It runs on a Maxvideo system (Datacube, Boston, MA) with the real-time operating system OS9-68k (Microware, Des Moines, IA). The relative position of the bead and thus the amplitude of its oscillatory motion is measured by rapid on-line recording of the light intensity at video rate (25 Hz) along a bar of -10 gm length aligned parallel to the axis of movement of the bead (cf. Fig. 1 c, left). Each of these intensity profiles is then fit by a Gaussian shape, the center of which is taken as the relative position of the center of mass of the bead. Thus, the accuracy of the determination of the bead position is much higher than the microscope resolution (-0.5 ,m) and has been estimated to Ax-±25 nm at typical oscillation amplitudes of 1-2 gm. A typical displacement-time-graph is shown in Fig. 1 
c (right).
The mutual phase shift of the beads with respect to the magnetic field is measured using an optical shutter which, at the end of each measurement, blocks the light beam exactly at phase sp = 0 of the signal. To obtain absolute values of the viscoelastic moduli G'(w) and G"(w), the absolute force fo acting on the bead as well as the strain field around the bead must be determined. (2) (neglecting the inertia of the bead). Here the first term on the left accounts for the viscous force as given approximately by Stokes' law, and the second term describes the elastic restoring force of the body with ,u being the shear modulus and g a geometric constant that depends on the strain field about the sphere.
To obtain the elastic geometry factor g, we consider the principle of local perturbation (Love, 1944) assuming that the strain field due to the beads is equivalent to that of a point force. For a bead (of radius a) acting on the surface of a body, the strain field in the direction of the force (x) is axi) (1 + cos2ie)
47ragx where e is the angle between the direction of the force and the radius vector drawn from the origin of the sphere. The force is obtained by averaging over all angles in the half space which yields Ax = 3iraA. In the interior of a body, the displacement is expected to be by a factor of 2 smaller since the full space has to be deformed. The elastic geometry factor g is thus equal to 61ra. This result can be rigorously derived by application of the variation theory (M. Peterson, personal communication) .
Therefore, in contrast to classical rheometers which apply constant strain throughout the sample, the strain field in our microbead rheometer is inhomogeneous. However, for small displacements the form of the strain field is incorporated in the geometric prefactor 67ra. The differential equation of the bead motion is thus approximately given by 6irwaq* x + 6ira, x=f(t).
(4) RESULTS Creep response and recovery experiment Fig. 2 shows response curves, xd(t), and relaxation curves, xr(t), of the displacement of beads in concentrated F-actin solution caused by repeated application of transient force pulses. For pulses of different duration, the response curves coincide within experimental error. Subtraction of the different curves showed that the average difference between any two response curves is Ax 40 nm, which is smaller than our measurement precision of 50 nm. This shows that the entangled network behaves as a linear viscoelastic body and does not exhibit plastic behavior due to the irreversible structural changes of the network surrounding the beads.
With Eq. 4, the time dependence of the bead deflection, xd(t), following a force step function of amplitudef0 may be expressed as xd(t) = J(t) *6-A
where J(t) is the time dependent creep compliance of the network (Ferry, 1980) which is approximately equal to the reciprocal shear modulus of the network (J(t) ,(t) 1).
If the stress is applied long enough, the velocity of the bead approaches a limiting value and a steady-state flow is at- 
where J,, is the steady-state compliance. J, fo/67ra is a measure of the local elastic deformation of the network during steady flow (cf. Fig. 2 ).
The sudden removal of the force at t = ti can be interpreted as applying a second force -f0. Following the Boltzmann superposition principle that effects of mechanical history are linearly additive, the creep relaxation function after the cessation of the force pulse at t = ti is fo Xr(t) = {JAt -JAt -ti)}6~ (7) If steady flow is reached before cessation of stress, the creep relaxation function becomes Xr(t) = j1Jss + -At 6ti) I q 6w (8) and approaches a final valuefo tj/r10 (Ferry, 1980) . This kind of creep recovery is represented by the displacement-time graph in Fig. 2 , which corresponds to the longest duration of the force pulse (t1 = 2 s).
In principle, Js, can be obtained from the difference between the maximum displacement at t = t1 and the limiting displacement xrQ() of the creep recovery: Jss = [x(t,) -x(Xc)] * 6 fra/fo.
The apparent viscosity of the network, q, is calculated from 6ira -O = fo * tl/xr(() (cf. Fig. 2) 
Frequency dependence of the viscoelastic moduli
For precise measurement of the viscoelastic behavior it is useful to apply an oscillating forcef(t) = f0 * exp(iwt) on the beads. The frequency dependence of the storage modulus G''(X) and the loss modulus G"(w) are obtained by analyzing the amplitude x0(Z) and the phase shift qp(w) of the oscillatory motion of the excited beads. A typical response curve is shown in Fig. 1 c. The beads follow the dynamic equation (4) (9) G"(c)= ______ . sinp(w).
6,7a Ix(w) I
These equations were also used by Lutz et al. (cf. Y. C. Fung, 1981) . Fig. 3 shows plots of the frequency dependence of the storage modulus G'(w) and the loss modulus G"(c) of entangled actin networks of various concentrations. In all cases one observes a pronounced frequency dependence of G' and G". For the two lowest concentrations (75 pig/ml and 100 ,ig/ml) both G' and G" scale approximately as 1,l2. For the 300 jig/ml sample the G'(w)-vs-w plot appears to exhibit a transition to a plateau at frequencies co < 3 rad/s while in the G"(Q)-vs-w plot the slope becomes larger for c < 3 rad/s.
The observed frequency dependencies of G' and G" compare well with the results obtained by rotating disc rheology (Ruddies et al., 1993) , where the low frequency regime (10' Hz ' co/27fr ' 1 Hz) was studied. They found a plateau for w/2Tr s 10-2 Hz and a frequency dependent regime for 10-2 Hz c w/2ir ' 1 Hz, in which G'(c) and G"(co) scale with the square root of the frequency. The present study thus shows that this law also holds for higher frequencies (up to 10 Hz). As shown previously (Ruddies et al., 1993) , the plateau regime of G'(c) can be explained in terms of the reptation dynamics of the polymer chains, while the frequency dependence is determined by the internal chain dynamics. The square root law is predicted for entangled solutions of polymers exhibiting Rouse dynamics.
The appearance of a plateau in G'(Q) and of an increase of the slope of G"(co) at higher concentrations can be explained by assuming that the Rouse relaxation time TR decreases with decreasing mesh size. Indeed, the onset of the frequency dependent regime is determined by the reciprocal Rouse relaxation time (cf. Doi and Edwards, 1986) . The longest wavelength excitation of the actin filaments is limited by the mesh size ( and the Rouse relaxation time is thus expected to decrease with the square of the wavelength.
The absolute values we obtained for G' and G" agree reasonably well with the values obtained previously (Muller et al., 1991) . Deviations from those values by a factor of 2-3 can be explained by inhomogenities of the network, since the rotating disc rheometer averages over a large volume whereas with the present technique, it is possible to perform local measurements.
Continuous permeation mode A continuous permeation experiment is shown in Fig. 4 . It shows diagrams of distance versus time for beads in an entangled F-actin network with mesh size of the same order of magnitude as the bead diameter (CA = 75 jg/ml, mesh size ( 1.4 ,um). For comparison, in Fig. 4 b we also show the x-t diagram of a bead in a glycerol-CaCl2-solution (25 wt % of glycerol, viscosity: q = 31.4 mPa-s). Clearly, the local velocity of the bead iV'0 = dx/dt fluctuates much more in the F-actin solution than in the normal fluid, demonstrating the local graininess of the polymeric liquid. Most of the time the bead moves with a constant average velocity of v = 0.65 ,im/s. However, fluctuations occur on two time and/or length scales:
(1) At a few sites, the velocity is slowed down or increased remarkably (typically by a factor of 2) over time scales of about 5 s (cf. regions indicated by thick arrows in Fig. 4 a) .
(2) In the regime in which the bead moves with the average velocity v, the x-t curve exhibits local fluctuations on time scales of less than 1 s and length scales of ' 1 ,um as shown more clearly in the enlargements of Fig. 4 b. Occasionally stepwise motions of height on the order of the mesh size (-1.4 ,um) are seen (cf. arrows in Fig. 4 b) . Moreover, small displacements in the negative direction are observed.
The bead motion can be described in terms of a Langevin equation with a space dependent viscosity 71(x) and three types of fluctuating forces: 617Tarq(x) * x = fo + f B + f el + f 2 (10) where fB is the random force due to thermal fluctuations of the solvent and is approximately equal to the fluctuating forces in pure solvents.
fel accounts for the fluctuating elastic force due to spatial fluctuations of the mesh size resulting in corresponding fluctuations of the creep compliance. These forces are responsible for the slow fluctuations of the velocity. f 2 is the random elastic force exerted by the bending fluctuations of the filaments. These are assumed to be responsible for the short time fluctuations of the beads and their occasional displacement in the negative x direction.
The two elastic contributions to the random force determine the width of the velocity distribution shown in Fig. 4 c. From the slow variations of the slope dx/dt, the fluctuations of the loss modulus can be estimated. Analysis of the x-t diagram in Fig. 4 a yields SG" 0.002 J/m3. Note that the total width of the velocity distribution in Fig. 4 c is also determined by the force due to the chain bending excitations. More detailed work on the local fluctuations is currently in progress.
DISCUSSION
The main purpose of the present work was to demonstrate that microrheology based on the oscillating magnetic bead method allows quantitative, local measurements of the frequency dependence of the viscoelastic moduli in entangled F-actin solutions. The technique is particularly well suited for rheological studies of dilute networks of biological polymer filaments which are very soft and exhibit mesh sizes on the micrometer scale. By using larger magnetic fields (and correspondingly smaller beads), the method can easily be extended to networks with smaller mesh sizes. Since the beads can be moved within the gels, the micro-rheometer allows sequential measurements at different sites to = dx/dt, obtained from the distribution of the local slope of x-t curve shown in Fig. 4 a. Solid curve: Gaussian fit to velocity distribution of bead in actin solution. Dashed curve: Gaussian fit to velocity distribution homogeneous networks can be evaluated most conveniently by observing fluctuations in the local velocity ilOz of a selected bead.
The present instrument yields reliable quantitative values of the viscoelastic moduli G '(co) and G"(w) in the frequency regime between 0.1 and 10 Hz. It thus extends the dynamic range of a previously designed magnetically driven rotating disc rheometer (Muller et al., 1991) to higher frequencies. An extension to even higher frequencies would be possible using an improved image processing system. The present method can therefore bridge the gap between dynamic light scattering and conventional rheological measuring techniques.
The application of micro beads as force transducers in cell biology is an active field of research. Although the force on magnetic beads generated in our set-up is still very low (--pN), in situ measurements ofthe viscoelasticity within cells should be possible. In contrast to optical tweezers, magnetic beads cannot be as easily maneuvered. However, quantitative measurements as shown in this article are more easily obtained.
